Abstract. An optical design of a four-channel WBVR photometer based on dichroic mirrors is described. The key properties of dichroic mirrors and features of beam-splitters used are considered. Under certain conditions, the WBVR photometric system with characteristics very close to the standard system can be set up. Polarization effects in the photometer are investigated.
INTRODUCTION
A four-channel stellar photometer with beam splitting to four channels by semitransparent aluminum films was described by Kornilov & Krylov (1990) . This device has been designed for multicolor photometric measurements of bright (down to 8-9 mag) stars. A photometric survey of bright northern stars was carried out using this device during [1985] [1986] [1987] [1988] [1989] at the Tien-Shan Observatory of the Sternberg Astronomical Institute (Kornilov et al. 1991) .
The design of this photometer was used to construct a fourchannel stellar photometer with beam-splitters based on dichroic mirrors. The dichroic mirror is a multilayer dielectric structure which reflects almost completely the radiation with wavelengths shorter than a certain A s (light splitting boundary) and transmits all the remaining light. A combination of such mirrors makes possible to direct almost all the radiation of some spectral range to a corresponding photometric channel. In this case the photometer is suitable for simultaneous multicolor observations of faint astronomical objects. The advantages of simultaneous measurements in a few spectral bands were discussed earlier (Serkowski 1970 , Zdanavicius et al. 1978 .
A prototype of such a photometer was constructed during [1988] [1989] , and three operating devices have been produced. The first test observations with one of these four-channel photometers were made on the Zeiss-600 telescope of the Maidanak Observatory in 1992. From 1994, regular photometric observations with the second instrument have been carried out at the Tien-Shan Observatory (Kusakin & Mkrtichian 1996 , Goransky et al. 1998 . Fig. 1 shows the results of observations of the star SAO 94526 (V « 5.1 mag, GO) during its occultation by the Moon. The photometric measurements were carried out with the third sample of the photometer on the 0.7 m telescope in Moscow (Zaitsev et al. 1998) .
In this paper we explain the features of dichroic beam-splitters and the optical layout of the four-channel photometers. We also present some investigations of this instrumentation. At the beginning, some basic properties and features of light transmission and reflection by multilayer dielectric structures will be reviewed.
BASIC FEATURES OF A DICHROIC MIRROR
A dichroic mirror is a structure consisting of alternative thin dielectric films with high and low refractive indices evaporated on a transparent base in vacuum. In fact, it is the same dielectric mirror which is used in interference filters and Fabry-Perot interferometers but for a wider spectral band including the maximum reflection range (as in the case of dielectric mirror) and the adjacent maximum transmission range.
A typical spectral reflectivity function R(A) for a dichroic mirror is shown in Fig. 2 . The main feature of this curve is a certain wavelength A s at which R(A) falls down sharply and remains low at longer wavelengths. (It is possible to produce a dichroic mirror with the opposite behavior of R(A), but such a mirror has worse characteristics). On the other hand, the transmittance function T(A) increases sharply at this wavelength. This boundary can be more definitely determined from the condition R(\ s ) = T(\ s ). For the calculation of optical properties of multilayer dielectric structures an algorithm described in the book of Kondrashov (1976) was used. A computer model of dichroic structure was composed from dielectric materials with high (nn = 2.4) and low (ml = 1.38 refractive indices. Such indices axe inherent to ZnS and MgF2, usually employed in the visual range. The refractive index dependence on wavelength and light absorption in these materials were neglected.
It is known that the spectral function of reflectivity (or transmittance) in the case of inclined incidence of light beam on multilayer structures is shifted to shorter wavelengths than in the case of normal incidence (see e.g. Clarke et al. 1975) . To separate spatially the incoming and reflected light, the beam-splitters with inclined incidence are used. We have studied numerically the dependence of the shift A A s on incident angle. The shift almost does not depend on the number of layers. It depends on the refractive indices of dielectric Time, msec This shift of the boundary does not much complicate the usage of dichroic mirrors in inclined beams: it can be calculated and taken into account when the coating is produced. However, the situation is complicated by the fact that these shifts axe different when the light is polarized in parallel with the incidence plane (p) and perpendicularly to it (5).
In The size of the polarization displacement can be decreased by using other dielectric materials. For example, the use of materials with riH = 2.3 and n^ -1.8 decreases this effect by more than three times and its magnitude becomes ~6 nm only. However, twice as many layers should be used to obtain the necessary characteristics of the dichroic mirror.
The difference between the reflectivity functions for different plane polarizations is unimportant if non-polarized light passes through the beam-splitter. The radiation from astronomical objects can be partially linearly polarized; this case will be discussed below in more detail.
BEAM-SPLITTER UNIT
Usually, astronomical multichannel photometers (see e.g. Giovannelli et al. 1980 , Baron et al. 1983 ) include a dichroic mirror coated on a glass or quartz plate which is placed in the light beam under 45° angle. Such an optical design has two substantial disadvantages which are well known to constructors of color TV cameras (Furman 1977) . The large incident angle 28° in glass) gives rise to pronounced polarization effects and strong distortion of the reflection curve (see Fig. 2 in Serkowski 1975) . The use of glass plates produces a parasitic light from the second side in the direction of the reflecting beam, independently of the dichroic mirror location (on front or back side). Due to this factor, about 15% of long-wave radiation falls within a short-wave beam and this imposes restrictions on the filters forming the spectral passband.
To decrease polarization splitting, the incident angle must be as small as possible. The spatial separation of the incoming and reflected beams requires larger angles. A compromise is achieved with an incident angle of about 20°.
A diagram of the beam-splitter unit for a working incident angle of 22.5° is presented in the insert in Fig. 3 . The unit consists of two prisms cemented together: an oblique-angled prism with 112.5° and 45° angles and a right-angled prism with an angle of 67.5°. The dichroic mirror is evaporated onto the right-angled prism hypotenuse. This location of the mirror requires special ultraviolet transmitting optical cement.
To turn the incoming beam, the total internal reflection effect is used. This limits the working and divergence angles. The incident angle 22.5° is close to the minimum possible angle for a focal ratio of 1/12. A very precise installation of the beam-splitter with respect to the incoming beam is required. The prisms are made of quartz or crown glass depending on the spectral range.
It should be noted that glass plates may be successfully used for incident angles of about 20-25° (13-17° in glass) if the parasitic light is suppressed by an antireflection coating.
OPTICAL LAYOUT OF THE FOUR-CHANNEL PHOTOMETER
The optical layout of the four-channel photometer with dichroic beam-splitters is shown in Fig. 3 . The light beam from the telescope (top of the Figure) passes through the diaphragm (1) in the focal plane and falls on the first beam-splitting "blue/red" unit (I). The reflected "blue" (A < 500 nm) light passes through the turning prism (2) and falls on the second beam-splitter U W/B" (II) which separates the light between the W channel (reflected radiation with A < 380 nm) and the B channel (transmitted light with A > 380 nm). The prism is required to turn the beam into the horizontal plane.
The "red" light (A > 500 nm), transmitted through the beamsplitter I, falls on the third beam-splitter "F/iT (III). The light transmitted through this unit (A > 610 nm) is directed into the R channel and the reflected light (A < 610 nm) falls into the V channel.
Beam-splitter I works in the spectral range from 300 nm to 900 nm. To ensure such a wide range, the dichroic mirror is made of two quasi-independent dichroic structures with different A s . In the case of this beam-splitter, all three beams lie in the vertical plane.
Beam-splitters II and III were calculated and fabricated for use in the spectral ranges 300-550 nm and 450-900 nm, respectively. The beam planes of both splitters are horizontal.
In each photometric channel, the light beam goes further through a filter (3) forming the photometric band, a Fabry lens (4), a mirror turning the light by 90° (5) and then falls on the photocathode of a photomultiplier tube (6).
To increase total transmission of the optical channels, the surfaces of all the optical components (except filters) were covered with an antireflection coating in their spectral ranges. It is a hard prob-lem for the first surface of the unit I, so this surface was covered with coating which is effective in the spectral interval 300-400 nm only, where a shortage of light usually exists.
The remaining parts of the optical layout are not connected with photometric channels. They include a wide-field eyepiece and a diaphragm eyepiece. The former has a turned mirror (7), a plate with crosshairs (8) and a Kellner eyepiece with 90 mm focus (9). The field of view of this eyepiece is 10 arcmin for a telescope with the 14 m focus. The second eyepiece with a field of view of 1.2 arcmin consists of a moving total internal reflection prism (10), a symmetrical transfer objective (11) and 20x symmetrical lens (12).
A diaphragm unit includes eight round diaphragms with diameters ranging from 3 to 75 arcsec and two mutually perpendicular narrow slits (2 arcsec in width and 90 arcsec in length). The diaphragms are placed on a wheel which is precisely turned by a stepper motor, and the diaphragm can be positioned with a 0.5 arcsec step and with a 0.2 arcsec accuracy.
Thus, one can do photometric measurements of extended astronomical objects or multiple stars in a scanning mode with different apertures. The scanning of a star image by two mutually perpendicular slits makes it possible also to center a star image in the diaphragm.
SPECTRAL RESPONSE FUNCTIONS OF THE PHOTOMETRIC CHANNELS
The characteristics of the dichroic mirrors have been calculated so that a photometric system as close as possible to the WBVR system could be realized. The astrophysical advantages of this system over the UBV system are described by Straizys (1973 Straizys ( , 1977 Straizys ( , 1992 . This system is also easier to set up with a dichroic beam-splitter since the W and B bands overlap much less than Johnson's U and B bands do.
For each photometric channel of the device, the light passes two beam-splitters and their total transmission is described by the following expressions: stars axe small), because the efficiency of beam-splitting is higher for the reflected beam (see Fig. 2 ). On the other hand, the long-wave radiation with A > 550 nm is suppressed twice in the W channel.
The relative response functions F(\) of the four-channel photometer prototype are shown in Fig. 4 . The curves were measured with a monochromator calibrated against an optical radiometer. The form of these curves is defined only by the spectral characteristics of the beam-splitting units since light filters are not used. The fall of response with decreasing wavelength in the W channel and with increasing wavelength in the R channel is predetermined by the PMTs used. The real positions of the beam-splitting boundaries are at somewhat shorter wavelengths than calculated.
Our measurements confirm the simulation results. In particular, for the W channel the parasitic transmittance of light in the 650-700 nm spectral range (where the UV color glasses used for the UV photometric bands have a secondary transmittance rise) is smaller than 0.001. This makes it possible to refrain from using the CUSO4 crystal in the W passband even if a PMT with a multialkali photocathode is used. In general, the measurement results demonstrate the possibility of using the four-channel photometer without light filters. This property of the photometer is very important if we prefer to increase the signal-to-noise ratio for faint stars rather than to set up precise passbands of the photometric system.
For setting up the WBVR system, the glass filters described by Meistas et al. (1975) can be used. In Fig. 4 the resulting response functions obtained by the beam-splitting alone, as well as with the glass filters are presented. The photometric passbands defined by filters are slightly narrower than the standard ones. For example, the half-widths of the B and V passbands are 82 nm and 75 nm, in comparison with 95 nm and 80 nm for the corresponding bands from Meistas et al. (1975) .
If we shift the beam-splitting boundaries near 380 nm and 610 nm to longer wavelengths, our instrumental WBVR system becomes closer to the standard one. This correction has been made when new dichroic mirrors for other samples of the device were ordered. The investigation also shows that the dichroic mirrors have some individual peculiarities which are not important in defining the response functions.
AN ESTIMATE OF THE POLARIZATION EFFECTS
It is known that all optical devices with reflecting elements partially polarize the passing light. The measurements of light fluxes made with such devices may be affected by systematic errors if the starlight is linearly polarized.
As follows from the physics of dichroic mirrors, the beam-splitter produces maximum polarization near the splitting boundary (see Fig. 2 ). The light filter which forms the photometric band strongly reduces this effect, since the splitting boundary and the filter transmission boundary overlap. Still, this effect cannot be neglected. An additional linear polarization of about 3-5 % is produced by the turning mirrors.
To investigate the effects in the passbands, calculations using the above dichroic model for the real orientation of beam-splitters and mirrors were made for stellar energy distributions from Sviderskiene (1988) .
On the average, the degree of instrumental linear polarization varies from 5 % in W to 12 % in the B channel. The laboratory measurements show values of about 14 %, 10 %, 9 % and 11 % in the corresponding channels for incandescent lamp as a source of light. More precise values can be obtained only from the observations of stars.
These estimates show that observations using the four-channel photometer have systematic errors of < 0.01 mag if the linear polarization of light is less than 10%. Most stars have smaller polarization. Only some peculiar stars and strongly reddened (Ay > 3 mag) stars (Serkowski et al. 1975 , Coyne et al. 1979 can be polarized to a higher degree.
In any case one must consider the polarization effects. A few methods are known to decrease the degree of the instrumental polarization. A depolarizer in the device is able to reduce polarization by an order of magnitude. Another way is to use a narrower forming glass filter. But it is always recommended to use the photometer at a constant position angle.
CONCLUSIONS
The main goal of our work in designing four-channel photometers with dichroic beam-splitters was precision WBVR photometry. Therefore we have concentrated on the key properties of dichroic mirrors which define the instrumental photometric system. To obtain the response functions close to the standard ones and to avoid some systematic errors, the following points should be taken into account.
(1) The slope of reflectivity (or transmittance) function near the splitting boundary is determined by two factors: the incident angle of the light beam and the number of layers in the dichroic structure; for an incident angle of 22.5° and usual dielectric materials, a mirror with 15-17 layers is an optimum choice.
(2) To depress undesirable polarization effects, the incident angle must be as small as possible; the usage of dielectric materials with a small difference in refractive indices seems to be promising.
The described four-channel WBVR photometer has the following properties:
(1) the instrumental photometric system is very close to the standard WBVR system; (2) in principle, it is possible to observe faint objects without forming glass filters; this gives an additional gain in sensitivity; (3) the main advantages of this photometer are a high total transmittance and a possibility of simultaneous measurements in four passbands.
